Abstract. In this paper, the structure of a large spaceborn deployable antenna is optimized in condition with its working state. The main aim is to obtain the lightest antenna's weight for lower costs. In the optimization process, the optimum mathematic model is established with outer radius of antenna's beam elements and cable tensions as variables, surface precision and natural frequency as constrains, and antenna's weight as objective. Based on the finite element analysis, a genetic algorithm is used to solve this nonlinear mathematic model. And results of example show that this optimization method can effectively reduce antenna's weight as well as keep antenna's structural properties satisfied.
Introduction
The developing space technologies have been increasing the demands for spacecraft high-gain and large-aperture antennas. At the same time, however, low mass is emphasized on these antennas, in order to reduce payload weigh, and to thus reduce launch cost. To meet these goals, large aperture antennas must be deployable.
There have been studies for space antenna structural design. Among those are mainly three groups, such as rigid-surface antenna, mesh-surface antenna and inflatable antenna [1, 2] .
As far as the mesh-surface antenna is concerned, it has been favored, since 1960's, for its potential fill large apertures with extremely lightweight hardware. Several kinds of design concepts have been proposed [3, 4] . A typical one is called Astromesh deployable antenna. It embodies a new concept for deployable space structure: a pair of ring-stiffened, geodesic truss domes, in which the ring is a truss deployed by a single cable. With a similar idea, an improved design of a 17-m-diameter cable-mesh surface antenna ( Fig. 1) is proposed here. There are two deferent points from that. One is the surround truss shown in Fig. 2 to increase the stiffness and the other is an added center tub to avoid the possible Tied up of the cables. After entering space orbit, the center tub is thrown away automatically. The reflector is composed of 48 radiate-cable beams. These radiate-cable beams are connected and tight with the surround truss and a center tub. In order to have a parabolic shape of the up cable, vertical adjusting cables are mounted between the up and bottom ones. To avoid tied up between radiate-cable beams, there are no cables between the radiate-cable beams.
Unfortunately, few papers concern optimization of cable-mesh surface antenna. In addition, there is little report dealt with the problem of optimization for space antenna with deployed states. This paper intends to deal with the problem.
Analysis Method and Optimization Modeling of Structure
Finite Element Model. The cable-mesh antenna contains three main parts as stated previously, shown in Fig. 1 . The surround truss is composed of 48 deployable truss elements (DTE). Each DTE comprises with 8 bars. For each DTE, there are 3 vertical bars, 2 horizontal bars and 3 diagonal bars linked to the adjacent DTE, Fig. 3 . A DTE can be deployed and retracted by the diagonal bars 5 and 6. All these bars are considered as 2-node beam elements and therefore 384 beams totally. The cable-mesh contains 48 radiate-cable beams, each one contains 17 up cables, 17 bottom cables and 16 vertical cables. In addition, there are three cables for each DTE (A-B, A-J and J-K) as shown in Fig. 3 , so that totally 144 cables for the surround truss. All of these cables are taken as cable-bar elements, which cannot be compressed, 2544 cable-bar elements in all. The center tub is divided into 960 triangular shell elements.
In deployed state, the antenna is connected to satellite with two points of only one radiate-cable beam, say points D and G, or E and H, or F and I (Fig. 3) .
Form-finding Methods for Cable-net Structure. The deployable antenna discussed in this paper is a large cable-truss system, and the cable-net in it is flexible structure. Only when prestress is put on, by static equilibrium, the cable-net will has the given geometrical shape, and this process is called form-finding. In addition, the stiffness of structure and the position of cable are all closely related with the value and distribution of given prestress. Because of the large deformation will be induced by the prestress put on cable-net, the form-finding of structure is a geometrical nonlinear problem. Some numerical methods are thought to be effective for determining the internal force distribution and initial shape of cable-net structure, they are force density method, nonlinear finite element method and dynamic relaxation method. In this paper, nonlinear finite element method is selected as the analysis method for the form-finding [5, 6] . The reason is that, compared with the other methods, it not only can give the influence caused by the change of material property and temperature environment, but also can be used for the dynamic analysis of the structure [7, 8] .
There is no gravity in space, so the cable will be a straight line when the prestress is put on it. Thinking of this, a kind of bar element with two nodes is used to replace the cable structure (Fig.3 ) .
The axial strain of the element can be calculated out by the nonlinear strain-displacement equation, 
Based on this, the deformation energy of the element can be introduced,
Hooke law still works as follow,
Then the displacement of any point in element can be get by the nodal displacement,
is the shape function matrix.
The nonlinear finite element equation can be obtained according to the principle of virtual work,
In which,
In the formulae (7), A is the cross-sectional area of cable element, Formulae (6) is a nonlinear equation, in order to obtain relatively high speed and accuracy in the process of calculation, Newton-Raphson method is used to solve the problem.
Optimization Model. To be the first, optimization model with design variable, objective function and constraints needs to be discussed.
The cross-sectional areas of 8 bars for each DTE can be linked to 6 independent design variables (shown in Fig. 2) , i.e., A=(A1, A2, …, AN)T and N=6 according to symmetry, manufacturing and so on. Since 48 DTEs are all the same for surround truss, the total 384 beams are also finally linked to 6 independent design variables. In order to have enough stiffness, cable tension distribution needs to be optimized. Thus it is considered as design variable. Since the up and bottom cables are symmetry with respect to the horizontal line X and without of the earth gravitation, total independent cable tension variables will be F=(F1, F2, … , FM)T with M=48.
The objective can be structural mass, reflector precision or natural frequency of antenna. Sometimes, they can be all taken as objective function. In this paper, structural mass is taken as objective function [9, 10] .
For constrains, when antenna is in working state in its orbit, reflector's precision cannot be over the allowable limit. The natural frequency should be larger than or equal to the given value [11] . The stresses of all elements are asked to be within the permissible strength of material.
Considering the above discussion synthetically leads us to the following optimum mathematic model, find A=( A1, A2, …, AN)T and F=( F1, F2, …, FM)T
s.t. respectively. This mathematic model is a high nonlinear programming problem with three special points: nonlinear of structure itself, particularly geometric nonlinear of the cable, behavior constraints being high nonlinear functions, both cable tension and cross-sectional area with different dimensions and metric.
The first characteristic is the structural inherent characteristic, to which we have to face. As for the second and the third, there are two choices. One is to make Taylor expansion of constraints, so that the original nonlinear programming problem is transformed into a series of linear programming problems.
The other is to utilize direct approach to deal with the original problem directly. Here genetic algorithm is utilized.
Numerical Experiment and Discussion
The parameters of cable-mesh surface antenna structure in Fig.1 are as follows. The diameter is 17m and the height of reflector is 1.3894m. Structural material except for cable is the carbon fibre with elastic modulus 2.35×1011 N/m2. The thickness of the tube bar for the surround truss is 0.5mm. Parameters of the cable-mesh are with the elastic modulus 1.24×1011N/m2 and cable cross-sectional diameter 0.002m separately. As for the center tub, it is 2.2m in height, 0.4m in diameter, and 0.001m in thickness, respectively.
In the working state, the required value (rms) of reflector error away from the corresponding parabolic reflector is less than 3.5mm. The minimum natural frequency of antenna structure is required to be larger than or equal to 0. By experiencing numerical computation, the structural mass iteration history is shown in Fig. 4 . Iteration number
It can be noted that structural mass is reduced from 76 kg to 11.8 kg (by 80%), which is much less than the required value of 34 kg. The iteration history of natural frequency is shown in Fig. 5 , from which we can notice that frequency constraint is becoming active at the end. The optimization results of the outer radius of cross-section of the surround truss and cable tension are shown in table 1 and 2 respectively.
Conclusions
Theoretical analysis and numerical experiment of a 17-m diameter cable-mesh surface antenna optimization may lead us to the following conclusions.
A novel optimization model and methodology, which is seldom run into before, for antenna design used in satellite with working states, is proposed and investigated. The comprehensive design model is composed of an optimization model and finite element models corresponding to its working states. The design model is a highly nonlinear programming problem, genetic algorithm is employed to solve the problem finally.
The prestressed cable-mesh structure is utilized to form the reflector of antenna for the purpose of having high ratio of stiffness to weight. In the model, design variable is concerned with cable tension and cross-sectional area of surround truss. The nonlinear constraints include reflector precision, strength of material, frequency and variable sides for working state.
The thermal load in the space is a main factor, which has to be considered for designing the satellite antenna structures. However, this paper is mainly concerned with optimal design model, and thermal analysis is not considered at the moment. Nevertheless, it will be presented late.
The optimization model and result have been applied to the design of a satellite deployable cable-mesh antenna with the diameter of 17 meters with reasonable and useful result. Seeing from the view point of engineering may lead us to that not only the model but also the result is of a certain engineering reference to the designing and manufacturing of the practical space deployable antennas.
